Abstract. The aim of the present study was to determine whether osteoprotegerin (OPG) influences the bone resorption activity of osteoclasts. RAW264.7 cells were induced by macrophage colony-stimulating factor (M-CSF) + receptor activator of nuclear factor-κB ligand (RANKL) and 0, 10, 20, 50 and 100 ng/ml OPG were added into various groups in the presence of the two cytokines. The OPG treatment was continued for 24 h. Osteoclast differentiation and activation were estimated via TRAP staining assay, TRITC-conjugated phalloidin staining, resorption activity analysis. Furthermore, the expression levels of the osteoclastic bone resorption-related genes MMP-9, cathepsin K and carbonic anhydrase II (CA II) were examined using real-time polymerase chain reaction (PCR). The data demonstrated that high concentrations of OPG could inhibit the differentiation and activation of osteoclasts. Furthermore, real-time PCR analysis illustrated that OPG decreased the expression of MMP-9 and cathepsin K in different concentrations of OPG and it decreased the expression of CA II genes at 10 and 20 ng/ml concentrations of OPG. For the time gradient study, OPG decreased the expression of MMP-9 and CA II genes but not that of the cathepsin K gene. In summary, the resorption activity of osteoclasts was suppressed by high concentrations of OPG and, at the molecular level, OPG decreased the expression of osteoclastic bone resorption-related genes.
Introduction
In higher vertebrates and mammals, the bone is constantly being remodeled in order to regulate its architecture to satisfy mechanical needs and to repair damaged tissue; it is a highly dynamic tissue. Activation of osteoclasts initiates the remodeling cycle, which resorbs the underlying bone tissue, followed by the activation of osteoblasts, which are responsible for the formation of new bone tissue (1, 2) . The two processes must be tightly balanced to ensure proper bone homeostasis and calcium metabolism, and loss of this balance leads to several skeletal disorders (3, 4) . Osteoclasts are multinucleated cells of the monocytic-macrophage lineage, and are derived from hematopoietic stem cells through a series of differentiation steps (5) . Osteoclasts require cytokines, especially macrophage colony-stimulating factor (M-CSF), for their survival (6, 7) . The receptor activator of nuclear factor-κB ligand (RANKL), expressed in osteoblasts and synovial fibroblasts as well as in T cells (5) , represents the crucial regulator for osteoclast differentiation and activation (8) . M-CSF and RANKL are essential for osteoclastogenesis in vitro (9) . Simonet et al (10) previously demonstrated that osteoprotegerin (OPG) is involved in the regulation of bone density. OPG can prevent the binding of RANKL to its receptor, RANK, and blocks signaling cascade of osteoclast formation in vitro and in vivo (11, 12) . OPG knockout mice displayed osteoporosis owing to enhanced bone resorption at local sites. The decreased activity in osteoclasts induced by exogenous OPG may improve bone mass (13) .
It is well known that cathepsin K, MMP-9 and carbonic anhydrase II (CA II) genes are involved in osteoclastic bone resorption (14) . Wittrant et al (15) reported that OPG exerts an overall inhibitory effect on the expression of cathepsin K and MMP-9 in differentiated RAW264.7 cells in a dosedependent manner. Chen et al (16) previously demonstrated that OPG inhibits the expression of CA II mRNA in mouse osteoclast-like cells. Therefore, how OPG alters the expression of cathepsin K, MMP-9 and CA II mRNA in different treatment periods to osteoclasts becomes a critical question that requires further elucidation. In this study, the effects of OPG on the bone resorption activity of osteoclasts were investigated via TRAP staining, F-actin staining, resorption activity analysis and osteoclastic bone resorption-related gene expression using RAW264.7 cells. The purpose of this study was to lay the foundations for the OPG treatment potential to abnormal osteoclast bone resorption activity. Resorption activity analysis. The manipulation followed the COAS product protocol. In brief, at the end of cultivation, medium was aspirated completely and 10% bleach solution was added for 5 min of incubation. Bleach solution was removed and the wells were washed twice with dh 2 O. The plates were allowed to air dry completely for 3-5 h. Pits appeared as individual or multiple clusters at the bottom of the wells and were visualized via an inverted phase contrast microscope. The area of resorption lacunae was measured by image analysis (Version 1.0; JEDA).
Materials and methods

RAW264
Real-time fluorescence quantitative polymerase chain reaction (PCR) analysis.
RAW264.7 cells were suspended in α-MEM (containing 10% FBS) and then seeded in 6-well culture plates. After 24 h of cultivation, the medium was changed to serum-free α-MEM with 25 ng/ml M-CSF + 30 ng/ml RANKL and was maintained for 48 h. For concentration gradient study, 0, 10, 20, 50 and 100 ng/ml OPG were added into various groups in the presence of the two cytokines. The OPG treatment was continued for 30 min, and cells were treated by M-CSF + RANKL for another 30 min as control groups. For the time gradient study, 100 ng/ ml OPG were added into various groups in the presence of the two cytokines. The OPG treatment was continued for 15, 30, 60 and 120 min, individually, and cells were treated with M-CSF + RANKL without OPG for another 15 min as control groups. Total RNA was extracted at the indicated time-points. cDNA synthesis was conducted with 900 ng RNA using PrimeScript RT reagent Kit with gDNA Eraser (Takara, Japan). Real-time PCR was performed by the 7500 Real-Time PCR system (Applied Biosystems). The PCR protocol for cathepsin K, MMP-9 and CA II consisted of 40 cycles of 95˚C for 30 sec and 57˚C for 1 min. The specific sequences of the PCR primers for cathepsin K, MMP-9, CA II and GAPDh were: cathepsin K, forward, 5'-CGC-CTG-CGG-CAT-TAC-CAA-3' and reverse, 5'-TAG-CAT-CGC-TGC-GTC-CCT-3'; MMP-9, forward, 5'-GCC-CTG-GAA-CTC-ACA-CGA-CA-3' and reverse, 5'-TTG-GAA-ACT-CAC-ACG-CCA-GAA-G-3'; CA II, forward, 5'-CAT-TAC-TGT-CAG-CAG-CGA-GCA-3' and reverse, 5'-GAC-GCC-AGT-TGT-CCA-CCA-TC-3'; GAPDh, forward, 5'-AAA-TGG-TGA-AGG-TCG-GTG-TG-3' and reverse, 5'-TGA-AGG-GGT-CGT-TGA-TGG-3'. All realtime PCR reactions were carried out at least three times, and the specificity of the PCR products was verified by melting curve analysis.
Statistical analysis. All experimental data are expressed as the means ± standard error of the mean and all experiments were repeated in triplicate. Statistical differences between groups were evaluated by Tukey's test using SPSS ver. 17.0 software. P<0.05 was considered to indicate statistically significant differences. 
Results
Action of OPG on RAW264.7 cell viability. OPG did not affect the cell growth rate of RAW264.7 cells (Fig. 1) , sustaining substantial viability even when used at concentrations of 100 ng/ml OPG (99.45%). This indicated that OPG was not cytotoxic to RAW264.7 cells. Therefore, the concentrations of 0, 10, 20, 50 and 100 ng/ml OPG were employed in the subsequent experiments.
OPG inhibits the formation of TRAP-positive multinucleated cells. RAW264.7 cells cultured in the presence of M-CSF + RANKL for 4 days formed large mature osteoclasts with multinuclei characterized by the acquisition of mature phenotypic markers, such as TRAP ( Fig. 2A) . At the same time, different concentrations of OPG were added to RAW264.7 cells when stimulated with M-CSF + RANKL. The number of TRAP-positive multinucleated cells decreased with increasing OPG concentrations ( Fig. 2A) . OPG reduced the number of TRAP-positive multinucleated cells generated for 17.28±9.12, 37.91±20.87, 48.12±9.81 and 89.71±3.15% inhibition at 10, 20, 50 and 100 ng/ml concentrations, individually (Fig. 2B) . Collectively, these results indicated that OPG inhibited M-CSF + RANKL-induced osteoclastogenesis.
Effect of OPG on the F-actin rings forming in osteoclasts.
M-CSF + RANKL-treated RAW264.7 cells formed large multinucleated osteoclasts with dense and smooth F-actin rings on the COAS. however, their development was inhibited by OPG. They were higher-ordered and evident around osteoclasts in the control groups and had lower concentrations in the OPG groups. Nevertheless, only F-actin clusters or belts were observed in 100 ng/ml OPG groups rather than F-actin rings (Fig. 3) . These results indicated that the effect of OPG on bone resorption was due to its negative influence on the F-actin ring formation.
Effect of OPG on the resorption activity of osteoclasts. RAW264.7 cells were stimulated with M-CSF + RANKL to induce the differentiation of mature osteoclasts with boneresorbing capacity. Cavities appeared in the bottom of COAS with various shapes. The bottom of COAS was not intact and smooth in any cell group (Fig. 4A) . however, OPG hindered the resorptive capacity of osteoclasts and in a dose-dependent is an inorganic crystalline calcium phosphate coating on a polystyrene plate designed to mimic in vivo bone environment. The surface is intended to facilitate surface resorption assays for osteoclasts. RAW264.7 cells were suspended in α-MEM (containing 10% FBS) and seeded in the COAS. After 24 h of incubation, the medium was changed to serum-free α-MEM with 25 ng/ml M-CSF + 30 ng/ml RANKL. For 48 h of cultivation, 0, 10, 20, 50 and 100 ng/ml OPG were added into various groups in the presence of the two cytokines, and the cells were cultured for another 24 h. At the end of the incubation, cells were fixed and stained for TRITC-phalloidin. Original magnification, x400. Bar, 100 µm. 
Regulation of cathepsin K, MMP-9, CA II mRNA expression in M-CSF + RANKL-induced osteoclast cells by OPG.
The production of cathepsin K, MMP-9 and CA II gene expression for bone resorption by osteoclasts was monitored by real-time PCR. For concentration gradient study, expression of the three genes in cells cultured without M-CSF + RANKL were all significantly lower than in control groups (P<0.05). Expression of cathepsin K, MMP-9 mRNA in the OPG groups was statistically significantly lower than in control groups (P<0.01). OPG decreased the expression of cathepsin K mRNA 0.28±0.06, 0.36±0.06, 0.33±0.06, 0.44±0.11-fold, it decreased the expression of MMP-9 mRNA 0.57±0.02, 0.60±0.05, 0.54±0.03, 0.44±0.08-fold at 10, 20, 50 and 100 ng/ml concentrations, respectively, and it decreased the expression of CA II mRNA 0.34±0.07, 0.35±0.16-fold at 10 and 20 ng/ml concentrations, respectively. however, the expression of CA II mRNA in the 50 and 100 ng/ml concentration groups was not significantly different to the control groups (Fig. 5A-C) . For time gradient study, after OPG was added, expression of the MMP-9, cathepsin K and CA II genes in cells cultured without any exogenous cytokine for another 15 min were all significantly lower than in control groups (P<0.05). Furthermore, expression of the cathepsin K , MMP-9 and CA II genes in cells cultured with M-CSF + RANKL plus OPG for 15 min were not significantly different compared to their control groups, respectively. This demonstrated that OPG seldom affected Figure 5 . Effect of OPG on the expression of the MMP-9, cathepsin K and CA II genes. RAW264.7 cells were suspended in α-MEM (containing 10% FBS) and then seeded in 6-well culture plates. After 24 h of cultivation, the medium was changed to serum-free α-MEM with 25 ng/ml M-CSF + 30 ng/ml RANKL and sustained for 48 h. (A-C) For the concentration gradient study, 0, 10, 20, 50 and 100 ng/ml OPG were added into various groups in the presence of the two cytokines. The OPG treatment was continued for 30 min, and cells were treated with M-CSF + RANKL for another 30 min as control groups. The mRNA expression levels of MMP-9, cathepsin K and CA II genes were determined by real-time PCR and compared with that of GAPDh. (D-F) For time gradient study, 100 ng/ml OPG were added into various groups in the presence of the two cytokines. The OPG treatment was continued for 15, 30, 60 and 120 min, individually, and cells were treated with M-CSF + RANKL without OPG for another 15 min as control groups. At the indicated time-points, mRNA expression levels of MMP-9, cathepsin K and CA II genes were measured by real-time PCR. The results are expressed as the means ± SEM. the expression of MMP-9, cathepsin K and CA II mRNA in RAW264.7 cells in a short period. When treated with OPG for 30 min, all three significantly decreased (P<0.01), demonstrating that OPG inhibits the expression of the three genes the most at this time-point. Expression of MMP-9 and CA II genes was significantly lower than in the control groups from 30 to 120 min via OPG treatment (P<0.05). OPG decreased the expression of MMP-9 mRNA 0.82±0.03, 0.55±0.08, 0.18±0.09-fold and it decreased the expression of CA II mRNA 0.86±0.01, 0.78±0.02, 0.66±0.01-fold, at 30, 60 and 120 min, respectively (Fig. 5D-F) . however, the expression of MMP-9 and CA II mRNA increased as the effect of OPG declined. This indicated that OPG still exerted inhibitory effects, albeit weaker, on two of them. The expression of cathepsin K mRNA was significantly increased with the OPG treatment for 60 to 120 min (P<0.01) (Fig. 5E ).
Discussion
The hallmark of osteoclasts is their unique ability to resorb mineralized calcium apatite or carbonate substrates such as bone, dentin or nacre (17) . In the osteoclast resorption process, F-actin ring formation is critical (18) . F-actin is first organized into podosome (19) , osteoclasts exhibit two different actin cytoskeleton organizations according to their substratum. They form canonical podosomes on non-mineralized substrates while they form sealing zones on mineralized extracellular matrices (17, 20) . Podosome clusters are built in early osteoclasts, which evolve into dynamic rings at intermediate stages and form peripheral podosome belts in mature cells by fusion of the rings (21) . When the osteoclasts are polarized, they exhibit sealing zones and exert bone resorption activity (17, 20) . In sealing zones, the F-actin filament builds attachment ring structures, thus, in activated osteoclasts, compact ring structures were usually observed when F-actin was stained (22) . The RAW264.7 cell line is a recognized pre-osteoclast model and has been extensively employed in osteoclast studies (2, 15) . In the present study, RAW264.7 cells were cultured in the presence of M-CSF, RANKL established functional F-actin rings and possessed bone resorption ability, whereas OPG impeded their formation. Only F-actin clusters or belts were found in high concentration OPG groups. Accordingly, the resorption activity of osteoclasts was weakened by OPG.
Degradation of mineralized bone matrix by osteoclasts includes dissolution of crystalline hydroxyapatite and proteolytic cleavage of the organic matrix. Before proteolytic enzymes can reach and degrade collagenous bone matrix, hydroxyapatite crystals must be dissolved (23) . CA II is critical not only in bone resorption but also in osteoclast differentiation (24) ; it provides the proton source for extracellular acidification by h + -ATPase and the HCO3 -source for the HCO3 -/Cl -exchanger which is the major transporter for maintenance of normal intracellular ph (25) (26) (27) (28) . After the degradation of the hydroxyapatite crystals, organic matrix is subsequently dissolved. Two major classes of proteolytic enzymes are involved, i.e., the cysteine proteinase family (such as cathepsin K) and the MMP family (29) .
In this study, the expression of MMP-9, cathepsin K and CA II mRNA in RAW264.7 cells was induced by M-CSF + RANKL, and the results indicated that M-CSF + RANKL may induce bone resorption by osteoclasts via increased CA II, cathepsin K and MMP-9 production. however, the expression levels of cathepsin K and MMP-9 mRNA were all inhibited by different concentrations of OPG. The OPG inhibitory effects on the two gene expressions were similar to those previously reported by Wittrant et al (15) . The expression of CA II mRNA was significantly decreased by 10 and 20 ng/ml OPG, however, it was not significantly decreased by 50 and 100 ng/ml OPG, contrary to the report of Chen et al (16) . This finding warrants further study. For the time gradient study, M-CSF + RANKL significantly enhanced their expression in the short term, whereas OPG markedly decreased their expression following treatment for 30 min. however, they all decreased at first but subsequently increased. The study by Wittrant et al (15) proved that the RANK-RANKL complex may represent the OPG receptor at the RAW264.7 cell surface. In the OPG treatment course, its inhibitory effect on the expression of MMP-9 and CA II mRNA weakened, as previously mentioned, and the influence of OPG lessened afterwards. Of note, the expression of cathepsin K mRNA was significantly raised with the cell cultivation. Cathepsin K is selectively expressed in osteoclasts and plays a critical role in the bone resorption. It secretes from the cell as an inactive form and then converts to its mature active form by proteolytic cleavage of the prodomain at low pH in vivo (30) . The ph value of the cell culture environment gradually declined in the incubation period. First, a lot of acidic products were metabolized by cells, the ph value of medium was dropped. Second, as the initiation of osteoclastic resorption, the evident production of CA II contributed to the acidity of cell ambience. Thus, the expression and activity of cathepsin K markedly increased.
In conclusion, the resorption activity of osteoclasts was suppressed by high concentrations of OPG. Furthermore, at the molecular level, OPG decreased the expression of osteoclastic bone resorption-related genes.
